Abstract. Kala-azar, a fatal infectious disease in many Indian states, particularly in Bihar, West Bengal, Uttar Pradesh, and Jharkhand, is caused by the protozoan parasite Leishmania donovani and transmitted by the sandfly vector Phlebotomus argentipes. The vector is distributed all over the country but the disease is confined to particular zones since before the last century. In this study, parameters such as altitude, temperature, humidity, rainfall and the normalized difference vegetation index (NDVI) were investigated for correlation with the distribution of the disease in the northeastern corner of the Indian sub-continent. Data analysis on Kala-azar prevalence during the period [2005][2006][2007] in the four states showed that the highest prevalence was below 150 m of altitude with very few cases located above the 300 m level. Low NDVI value ranges (0.03-0.015) correlated with a high occurrence of the disease. The maximum temperatures in the affected sites varied between an upper level of 25-29°C and a minimum of 16-20°C. The rainfall in these areas fluctuated between 1154 and 1834 mm. As the disease showed a high correlation with the prevailing topographic conditions, an attempt was made to improve the relative strength of the approach to predict the potential for endemicity of leishmaniasis by introducing satellite imagery complemented with a geographical information system database.
Introduction
Kala-azar, or visceral leishmaniasis (VL), is a deadly disease caused by the parasite protozoa Leishmania donovani and transmitted to humans by the bite of infected female sandflies of the species Phlebotomus argentipes. It is projected that 350 million people in 88 countries are at risk of leishmaniasis and that about 500,000 cases occur annually (Indian Council of Medical Research, 2006) . The World Health Organization (WHO) estimates that approximately 200 million people are at risk for the disease in South-east Asia and that the number of cases in India, Nepal and Bangladesh amounts to 100,000 (WHO, 2007) . About 165 million people are at risk in India, and Bihar state is the worst affected with 31 endemic districts (WHO, 2007) . The neighbouring states of West Bengal with 10 districts, Jharkhand with five districts and Uttar Pradesh with four districts are also deemed to be epidemic (Bihar State Health Society, 2007; WHO, 2007) .
The distribution of VL is highly influenced by little known geographical and climatic factors that determine the distribution of the sandfly vector, the parasites and the animal reservoirs. Tropical climatic conditions favour the transmission of VL which is limited by the presence of suitable breeding places for the P. argentipes vector which is therefore rarely found at altitudes exceeding 700 m above the mean sea level (MSL) (Lysenko, 1971) . In India, the largest foci are situated in the north-eastern part of the country, i.e. Bihar, West Bengal, Jharkhand, Uttar Pradesh and some parts of Assam (Fig.1) .
Historically, the highlands have been a refuge from the leishmaniasis vector and human infection is uncommon or absent there (Ponirovskii and Charyev, 1996; Sharma et al., 2003; Joshi et al., 2006) . Higher altitudes are generally characterized by lower temperatures and a lower relative humidity and these indicators have a tendency of greater fluctuations which affect the distribution of the vector negatively. In the lowlands, on the other hand, humans are especially at risk due to widespread situations suitable for the sandfly vector which prefers a relative humidity of 70-80% and temperatures between 25ºC and 28ºC. However, transmission is more focally distributed than in many highland areas since the breeding sites of the vector are concentrated to spatial locations such as river banks, alluvial soil, and dark, damp places such as deep cracks in the soil or rock (Lysenko, 1971; Kalluri et al., 2007; Sharma and Singh, 2008) .
Geographical information systems (GIS) can be described as a structure for information-handling with a geographical variable which enables users to process, visualize and analyze data spatially (Clarke et al., 1996; WHO, 1999) . In the field of epidemiology, GIS is useful as it seamlessly integrates infor- mation such as topography, environmental conditions and other particular characteristics. Moreover, this tool allows policy makers to easily visualize problems in relation to existing configurations such as the natural environment, health care and social services, which makes them able to effectively target available resources (WHO, 2005) . Another tool is remote sensing (RS) which can be used to locate areas at risk for e.g. Kala-azar by scanning the land cover (Wood et al., 1991; Cross et al., 1996; Miranda et al., 1998; Sithiprasasna et al., 2005; Kalluri et al., 2007) . However, it is difficult to map the land cover in mountainous regions using optical imagery because of frequent clouds and the presence of dark shadows. Here we explore an alternative method, i.e. topography modeling using a digital elevation model (DEM), which is a digital representation of the ground topography measuring absolute altitudes above a tidal datum that is defined as the arithmetic mean of hourly water elevations observed over a specific cycle. This approach averages out all tidal highs and lows and defines the MSL reference level as the zero elevation for a local area or the vertical datum (http://www. esri.com/news/arcuser/0703/geoid1of3.html). Based on RS data, these models are constructed as a grid of squares or a raster and have been widely used in the ecologic and environmental sciences for estimating topographic parameters such as elevation, slope, aspect, and ruggedness (Petri and Kennie, 1990) . The DEM approach was chosen since it was believed that it would offer a useful base upon which collected data of leishmaniasis risk could be modeled. It was felt that the presentation of the parameters in this way would provide a rapid method for preliminary stratification of the Kalaazar potential in remote highland areas which are difficult to reach and evaluate in any other way.
The overall objective of this study was to investigate topography and vegetation with regard to their suitability for the vectors that transmit Kala-azar on the Indian sub-continent. The study also looks into social status and behaviour of people living in the study area. Climatic information is included as this is of crucial importance for the epidemiology of Kala-azar. A cross-sectional study was carried out and epidemiological data collected to examine how local topography and vegetation densities affect the risk for leishmaniasis. The focus was to identify the areas of Kala-azar in northeastern India and relate this information to the Kala-azar prevalence along an altitude transect. The specific objectives of the study were to: (i) determine the geographical distribution of Kala-azar in the northeastern part of the Indian sub-continent; (ii) study the relationship between the incidence of Kala-azar and topography and vegetation density; and (iii) the socio-economic status of the populations.
Materials and methods

Study area
The study focused on Bihar, Jharkhand, West Bengal and Uttar Pradesh making up the major part of the Ganges River plain in north-eastern India ( 
Source of data
The Kala-azar incidence data were provided by the Rajendra Memorial Research Institute of Medical Sciences (ICMR) in Bihar, India and this information was complemented with satellite and weather data which are provided in Table 1. GTOPO30 is a global DEM which has been prepared by approximately 1 km 2 tiles covering the full latitudinal extent from 90°South to 90°North and the full longitudinal extent from 180°West to 180°E ast (http://www. isprs.org/commission1/ankara06 /makaleler/Yastikli_DEM-Accuracy.pdf).
The satellite data used come from the Moderate Resolution Imaging Spectro-Radiometer (MODIS), derived from the U.S. Geological Service Earth Resources Observation System (EROS) which provides global elevation data. It was felt that this would be a compatible way to independently evaluate the accuracy of DEMs, such as those produced by the Shuttle Radar Topography Mission (SRTM) produced by Jet Propulsion Laboratory, California Institute of Technology, CA, USA (http://www.jpl.nasa.gov/). This mission generated the most complete high-resolution digital topographic database so far based on elevation data collected in February 2000.
All terrestrial data were geo-referenced using the Universal Transverse Mercator (UTM) projection system with the World Geodetic System (WGS)84 datum and North 45 Zone (http://glcfapp.umiacs. umd.edu/data/srtm/description.shtml), based on second order polynomial and the nearest neighbourhood resampling method (Baiocchi and Lelo, 2002; Müller et al., 2002) . All the scenes captured were joined as a mosaic and boundary lines of the study areas (the state and district levels) were digitized and the study areas extracted by clipping or sub-setting method using the Earth Resource Data Analysis System (ERDAS) Imagine software, version 9.2. The DEM was generated with 100 m exaggeration in virtual GIS viewer and Landsat Thematic Mapper (TM), the multispectral scanning radiometer carried onboard the Landsat satellites 4 and 5. Geo-referenced SRTM elevation data from a 1-km digital elevation model of India were collected from EROS and the data were overlaid throughout the model. Each area was classified into six elevation zones with 50 m height intervals. The geographical distribution of Kala-azar cases was overlaid on the SRTM ground data (Fig. 2) . The vegetation zone map was generated from monthly composite 500 m 2 MODIS records. A database was generated on a GIS platform including parameters such as annual maximum, minimum and average temperatures, precipitation and the distribution of the Kala-azar cases. The weather data collected from 100 meteorological stations in India was used to generate a point layer. This database was linked with vector layers and GIS tools used for geo-statistics such as ordinary kriging and spatial interpolation routines, e.g. for transforming point values into interpolated surface. Finally, a thematic map was generated by overlaying all the data layers described above.
Since socio-economic status is also a determinant in the epidemiology of Kala-azar, a socio-behavioural survey was carried out looking at social status parameters such as literacy rate, ethnicity, male/female ratio. It also included economic parameters such as working status and standard of living in each of the districts of the study area affected by Kalaazar. 
Results
Topographic analysis
The topography of the study area was divided into six categories based on altitude, i.e. below 50 m, 50-99 m, 100-149 m, 150-199 m, 200-249 m, 250-299 m and above 300 m (Fig. 2) . The number of cases was found to be very high at altitudes below 50 m to become moderate at the 50-149 m level. At the altitude of 300 m, the number of cases diminished to become eventually nil with increasing height. Figure 2 shows the case distribution by locality using an elevation map as overlay. As can be seen in this figure as well as in Table 2 , the distribution of the P. argentipes vector is primarily influenced by the altitude and the number of cases decreases progressively with rising altitude. The population density of the study area showed that the density of population and number of cases generally increase up to 150 m and then gradually declines as shown in Figure 3 . However, the trend does not always follow this pattern as seen in Bihar where these parameters are higher at 150-199 m compared to the 100-149 m level. In West Bengal, the population density declines at an almost constant rate, while the number of cases increases except at the 150-199 m level. Figure 4 represents an overview of the annual mean temperatures, including the maximums and minimums, as well as precipitation in a table of weather data generated for Bihar, Jharkhand, West Bengal and Uttar Pradesh. The data shown were collected from the Indian Meteorological Department.
Role of meteorological parameters
The overlay of medical data on a map of India indicating prevailing, annual temperatures and precipitation illustrates the significant relationship of leishmaniasis with these parameters (Fig. 5) . It is apparent that the annual mean minimum (16-20°C) and the annual maximum temperatures (25-30°C), the relative humidity (80-90%) and precipitation (1000-1550 mm) are also significant for producing a suitable environment for the breeding places of the P. argentipes vector. 
NDVI computation
The NDVI values were computed from MODIS data for Bihar, Jharkhand, West Bengal and Uttar Pradesh. Minimum, maximum, standard deviation and average values of NDVI were computed (Table  3 ) and used to investigate the correlation between Kala-azar positives. Based on NDVI value these data were classified into the vegetation density zone map (Fig. 6) which showed a variety of high density vegetation (0.56-0.48), areas of medium density (0.34-0.25) and low density zones (0.03-0.015). When we overlaid all reported cases on the NDVI map, the results showed that most of the cases occurred in non-vegetative areas or low-density vegetation zones. Table 4 shows the socio-economic status of the populations in each province of India which is affected by Kala-azar. As seen in the table, there is no evidence of a spatial relationship between population density and the number of cases in the district of Jharkhand province, while the three other provinces show positive relations. The study also represents, the male and female ratio among the districts, more or less same. The areas with the highest incidence of Kala-azar were poorer and had a lower literacy rates and economic status. Table 3 . NDVI in the study area (computed from MODIS data). Fig. 6 . Relation between vegetation density and Kala-azar incidence in the study area.
Social status and behaviour
Discussion
As pointed out by Kalluri et al. (2007) , the use of RS technology for epidemiological studies gives researchers the opportunity to enhance their understanding of the relationship between vector and environment. We used remotely sensed data to create a quantitatively standardized definition of topographic influence and vegetation density to indicate P. argentipes distribution in part of the Indian subcontinent. Our study has provided parameters for the distribution of the Kala-azar vector and the results show significant variation in case diversity within the defined gradient. The conclusion is that the influence of topography (altitude) is of particular importance in predicting disease risk.
It is also obvious from the DEM results (Fig. 2 ) that the altitude has a relatively strong influence on the distribution of Phlebotomus vector as the Kalaazar incidence is concentrated at low altitudes with fewer cases in the highlands. The results are in agreement with Hermeto et al. (1994) and Elnaiem et al. (1998) and are also supported by Elnaiem et al. (2003) who investigated the influence of rainfall and altitude on the incidence of Kala-azar in eastern Sudan. The trend observed indicates that a high incidence should be expected at low elevations which was found to be the case. It seems thus clear that altitude is an important environmental factor that must be taken into account when attempting to predict the potential for Kala-azar outbreaks.
The distribution of people and cases in the study area seems to be influenced by altitude, the number of cases progressive decreasing from the lowest level, in which active transmission occurs. Population density appears to be most important factor to the distribution of disease, since its decreasing frequency in samples from increasingly higher altitudes, coincides with the distribution of VL cases. The population density also influenced the Table 4b . Table 4c .
Infrastructure distribution of cases in the study area, since it occurred in similar numbers at the active and intermediate transmission levels. Ranjan et al. (2005) investigated ecologic factors favourable for the transmission of Kala-azar in Bihar. The authors considered soil, water table, temperature, annual rainfall, humidity, vegetation and altitude. Combining these data with case data they could show a significant relationship with the meteorological parameters. These analyses showed that the annual mean minimum (16-20°C) and maximum (25-30°C) temperature, relative humidity (80-90%) and precipitation (1000-1550 mm) are significant for the spread of P. argentipes breeding places (Ranjan et al., 2005) .
The NDVI values were computed because the vegetation cover has proved to be a potential tool for monitoring Kala-azar epidemics in tropical countries (Cross et al., 1996) . Our results showed that most of the cases occurred in non-vegetative areas or low density vegetation zones which emphasizes that the low density vegetation zones are significant for the P. argentipes vector distribution in the affected part of India.
The socio-economic factors for VL, included from the census data 2001, are shown in Table 4 . Very little is known about the influence of socio-economic factors on Kala-azar in the disease-endemic areas (Dhiman and Sen, 1991; Dinesh et al., 1994; Thakur, 2000) . However, the standard of living index showed that people had very low standards of living in general in those provinces that are highly affected by this disease, reaching above 80% in Bihar and Uttar Pradesh. It was previously reported that most Kala-azar patients had incomes less than US$ 1 per day (45 Indian Rupees) (Thakur, 2000) . Such poverty may not be a risk factor for Kala-azar, but it can lead to malnutrition, poor housing conditions, lack of preventive measures in the form of illiteracy and low levels of sanitation and economic status. Thus, poverty could be a major determinant for continued transmission of Kala-azar in Bihar and other parts of India.
In conclusion, in the present paper a simple method for defining the distribution of Kala-azar vectors was presented. Moreover, it can also be applied to compare results from previously published studies. The advantage of the approach lies in the easy access to detailed maps over the Internet of many layers, from general geography to environmental information which can be instantly updated as new results appear. The multi-layer cartography approach can play a major role in focusing research and guide control activities. We would be pleased if the approach presented here will inspire further research in this area.
